Abstract-The signal-to-noise ratio in the detection of a single ion is one of the determining factors in the speed of the detection of the ion's internal states. Its value defines the necessary interrogation time to distinguish between an ion in the "on" and an ion in the "off" state. The improvement of the detection signal by means of active optics is a new approach in single-ion experiments. They accompany further progress in the stabilization of the clock laser for the single ion interrogation.
I. INTRODUCTION
The frequency stability of an optical frequency standard can be quantified by the evaluation of the Allan deviation [1] , where the stability value depends on the interrogation time, the cycle time of the measurement as well as the signal-to-noise ratio (SNR) which can be realized throughout the probing of the clock transition.
Single ion detection is always carried out on the cooling laser's wavelength as it scatters a maximum of photons. Today, trap structures are getting smaller and smaller and even with tightly focused laser beams, scattered light from the metallic electrodes contributes to the background light level. A high quality detection objective [2] as well as spatial filtering in the imaging process are among the stringent requirements for the detection of a single trapped ion. A perfect Gaussian beam of 100 µW focused to a waist diameter of 20 µm in the centre of a trap (even if it is a miniature trap) should give a scattered light level of less than one photon per second collected by the optical detection solid angle. However, it can be observed in essentially all single ion trap experiments ( [3] , and references therein) that the background level is typically larger than the photomultiplier's dark count rate (10 photons per second). Even with high-quality UV optics (a large majority of single-ion experiments has a cooling laser in the blue or near UV) in many experiments a deformation of the laser-beam can be observed, as well as an additional halo due to scattering in the optics.
Aberrations in a beam have been corrected with active (or adaptive) optics (AO) elements at multiple occasions since seminal works in high-intensity lasers [4] and of course in astronomy [5] . Moreover, it has been shown that strong scattering in optics can be corrected by an AO element [6] .
We propose the use of an AO element to optimize the SNR in the detection of a single trapped ion. In this manuscript we will develop the necessary requirements and envisaged solutions. We suppose that aberrations in our system do not show temporal fluctuations, we will thus concentrate on means of active optics rather than adaptive.
II. COOLING AND DETECTION OF A SINGLE ION
The interrogation of a single ion as a frequency standard is made with the help of the electron-shelving technique [7] , the interrogation statistics is built by sequential probing of the fluorescence state of the ion which indicates whether the ion is in the "on" (scattering photons) 4S 1/2 -4P 1/2 -3D 3/2 -cycle or shelved in the dark ("off") 3D 5/2 -state (cf. energy level scheme in Figure 2 ). Figure 3 , the right part of this figure shows the distinction between "on" and "off" state. The higher the SNR the faster the interrogation procedure can be. This value conditions the cycle time in the interrogation of the single ion for all types of high-resolution experiments.
In our experiment, a frequency-doubled titanium-sapphire laser at 397 nm is used for laser-cooling the ion on the 4S 1/2 -4P 1/2 electric dipole transition. This laser is transported onto 
A. Preliminary characterization of the cooling laser
In order to obtain a quasi-perfect beam in the plane of the single ion, i.e. a Gaussian beam focused on a waist of 20 µm, it is necessary to measure the deformations of this beam as well as to estimate the scattering of this beam by the optical elements of the system, before applying eventual corrections. Scattering in optics has been suppressed by spatially filtering with a pinhole in the image plane of the laser waist and is considered to be negligible in the final background detected.
In order to identify the origin of the unusually high background of scattered light in our detection system, a realistic description of the beam profile is required, which considers the beam not only as a perfect Gaussian envelope but as a Gaussian field amplitude with an aberrated wavefront. This approach has to be made experimentally as well as theoretically. The corner stone of the description of an aberrated beam is the decomposition of the wavefront surface on the orthonormal basis of the Zernike polynomials.
Hence, a beam characterization was carried out on our setup by different means. Analysis were made with two types of wave-front sensors based on different technologies (ShackHartmann and phase-shearing), and imaging with a camera is under way. The presence of aberrations in the laser beam can be quantitatively described with the Strehl ratio, or in terms of encircled energy, which is the intensity deposited in a given area. Indeed, the fiber output shows an almost perfect Gaussian beam, with a Strehl ratio higher than 95%. Travelling through the optical system, the beam is then deformed, and the Strehl ratio drops below 80% at the site of its focus on the ion, as can be seen in Figure 4 . Monitoring the beam by a CCD camera is a complementary method of waist characterization. For reasons of acquisition dynamics, the center of the beam has to be masked in order to reveal residuals in the wings.
Correction of the observed distortions in the beam profile can be carried out by different means, actually, several types of AO corrective elements are available : deformable mirrors (DM), spatial light modulators (SLM) and optical valves (OV). While DM have a number of actuators typically limited to a few hundreds, and therefore present a limited spatial resolution, they show a modulation depth of typically a few micrometer. On the other hand, spatial light modulators are LCD devices with an important number of pixels (on the order of 10 5 ), their main drawback is the important diffraction patterns they produce. Finally, OV probably present the best spatial resolution, but the amplitude dynamics of the correction is rather weak.
Only the precise characterization of the laser-beam with the identification of the induced perturbations allows to determine the spatial resolution and amplitude dynamics necessary for the choice of the AO element adapted to his application.
The influence of aberrations in the beam on the noise level in the single-ion detection has been evaluated with the use of a deformable mirror. This 97-actuator device with a mirror diameter of 13.5 mm was set-up in normal incidence at the entrance of the vacuum vessel. Preliminary measurements have demonstrated the link between the SNR and wavefront modifications. The measured noise level is represented on the graph in Figure 5 as a function of induced aberrations in the beam. 
B. Simulation of the cooling laser beam
In parallel to the experimental characterization of the optical set-up, a quantitative analysis of its defects based on simulations of the full optical system up to the trap is carried out. Using an optical design software (Zemax), we can precisely reproduce each optical element (plane mirrors of finite size, achromatic lenses, pinholes and the entrance viewport of the vacuum chamber) and predict the amount of aberrations that affects the beam in the end, considering the consequences of chromaticity, tilting and off-centering of the optics. The results of this study consist of a qualification and a quantification of the optical defects of the system decomposed on the basis of Zernike polynomials. For each polynomial of this basis, the depth value of the deformation in units of λ is obtained and this computer assisted study, validating the experimental observations, provides us with a versatile tool to precisely understand and even predict the effects of the modifications introduced in the set-up (especially modifications of the angle of incidence).
A second type of simulation is based on the measurement of the Zernike coefficients in the pupil plane of the system. With the input of the measured coefficients in a numerical program and the propagation of the aberrated field using the Fresnel formalism, it is possible to deduce the intensity profile (pointspread function) of the beam, at the site of its focus inside the trap. Figure 6 shows the simulated profile of the focused aberrated Gaussian beam with 0.4 µm of coma in x and y directions and -0.2 µm of 3rd order spherical aberration. This work directly allows to quantify the percentage of light that can be intercepted and diffused by the trap structure and to understand the consequence of each aberration on the detection noise we observe. 
C. Feedback algorithm on the AO element
In astronomy the feedback on the active optics element is made by a two-dimensional signal either from a wavefront analyser or from a CCD camera, located at a reference position. The presented laser-ion interaction experiment could allow to test correction algorithms based on the only signal and noise values. Using these two 1D signals for correction falls into the category of the novel approach of wavefront sensorless adaptive optics [8] .
An intermediate approach would be to use a classical type of correction, for instance a pre-registered correction map, for a first rough adjustment, and to apply corrections based on 1D signals only around this pre-optimized solution. The main interest of such a method is that it could widely increase the correction bandwidth. Moreover, in case of success, this would also reduce the requirement of a permanently installed wavefront analyser on the experiment.
III. CLOCK LASER STABILISATION
To probe the narrow, electric quadrupole transition 4S 1/2 -3D 5/2 of the Ca + -ion at 729 nm, the spectral linewidth and the frequency stability on a 1-second time-scale of the clock laser have to be of the same order of magnitude as the clock transition's natural linewidth (below 1 Hz, [9] ).
Our home-built titanium-sapphire laser at 729 nm is prestabilized onto a low-finesse (≈ 1000) Invar-cavity in a 10 −6 -vacuum by the Pound-Drever-Hall technique resulting in a linewidth of the order of a few kHz. Further reduction of the linewidth and in particular frequency stabilisation is made by locking to a vertically mounted, high-finesse ULE cavity of 150 mm length. This cavity has been numerically and mechanically optimized [10] , to render it vibration-insensitive to a maximum extent. Fused silica mirrors are optically contacted to the ULE-spacer, the finesse of this cavity has been measured to be 140 000.
The cavity is surrounded by three thermal screens of polished aluminum, mounted in a vacuum-vessel. This set-up is enclosed in a box, with an active thermal control and mounted on a passive vibration isolation platform (see Figure  7) . Locking of the clock laser on this cavity is made by a commercial locking electronics (Toptica). The use of an active optics device to control the wavefront and intensity profile of a cw laser interrogating single atoms in a trap opens the way to a tailored interaction of the electromagnetic wave with the atom. This approach will help to increase the SNR and thus optimize the frequency stability of an atomic clock.
Additional advantages are expected for the implementation of a similar device for the probing of single ions in microand surface traps, which have even smaller dimensions, and which are extremely sensible to the illumination by ultraviolet light. Addressing of individual ions in ion chains [11] is a supplementary application of the use of AO devices, allowing a 'real-time' correction of laser beams probing ions at different sites.
